Abstract: We present RWA algorithms for a new class of traffic model where, besides the source, destination and size (number of lightpaths) of the traffic demands, their set-up and tear-down dates are known. They are called Scheduled Lightpath Demands (SLDs). We model the RWA problem as a spatio-temporal combinatorial optimization problem and provide two solution algorithms. The time disjointness that could exist among SLDs is taken into account in order to maximize the utilization of resources and hence, minimize the amount of globally required resources. We compare our algorithms to an online RWA algorithm and show that taking into account the time disjointness of demands can lead to a gain of resources of 20 % in average.
INTRODUCTION
The optical transport networks based on architectures like OTN [1] and control protocols like GMPLS [2] are expected to provide a set of functions that will include the set-up, maintenance and tear-down of permanent, softpermanent and switched optical connections 1 . These functions will be used to implement services like Bandwidth on Demand (BoD) and Optical Virtual Private Networks (OVPNs). For example, a network operator offering a OVPN service can use permanent optical connections to provision the base capacity of the OVPN. Soft-permanent connections can be used to provision the additional capacity required at expected times (e.g., scheduled backups, etc.). Finally, switched connections can be used to satisfy unexpected bandwidth requirements. Thus, the offered services will lead to three types of connection demands: static, scheduled and unexpected.
In this paper we deal with the scheduled connection demands, that we call Scheduled Lightpath Demands (SLDs). An SLD is represented by a tuple (s, d, n, α, ω) where s and d are the source and destination nodes of the demand, n is the number of requested connections (hereafter called lightpaths) and α, ω are the set-up and tear-down dates of the demand. The traffic model based on SLDs is different from the static and dynamic lightpath traffic models previously considered in the literature * Work funded by Alcatel R&I, Marcoussis, France under Grant No. CI 578. This paper has neither been published before nor currently being submitted elsewhere.
1 Connections described in Recommendation ITU-T G.8080. [3] . Static traffic means that all the demands are known in advance and do not change over time, whereas dynamic traffic means that the arrival and holding time of demands are random. In the SLD traffic model, the demands and their distribution over time are known in advance.
We address the Routing and Wavelength Assignment (RWA) problem for SLDs. The parameters of the problem are a set of SLDs and a physical network. The objective is to define for each lightpath a route 2 in the network and a wavelength to be used along this route by the lightpath. We model this RWA problem as an spatio-temporal combinatorial optimization problem and propose two solution algorithms that we call SLD-RWA algorithms.
Since all SLDs are not simultaneous, some wavelength channels 3 can be used by several lightpaths provided that these lightpaths do not overlap in time. The SLD-RWA algorithms take into account this property in order to maximize the utilization of wavelength channels when routing the demands and, as such, minimize the global number of required channels.
The next section provides a detailed description of the considered RWA problem. Section 3 presents the problem's spatio-temporal combinatorial optimization model and Section 4 the algorithms used to solve the model. In Section 5 we describe an online RWA algorithm described in [3] that we use as reference to evaluate the SLD-RWA algorithms. In Section 6 we experimentally compare our algorithm with the online RWA algorithm. Finally, in Section 7 we give some conclusions and describe ongoing work.
PROBLEM DESCRIPTION
There are two basic versions of the RWA problem investigated in the literature. If the traffic demands are static, the problem typically consists in determining a routing and a wavelength assignment that minimize the cost of network resources required to satisfy all the demands. Alternatively, if the resources are fixed, the goal is to maximize the number of satisfied demands or, when a revenue model exist, maximize the revenue generated by the satisfied demands. If the traffic demands are random, given a fixed amount of resources, the problem typically consists in defining a routing and a wavelength assignment that reduce the blocking probability of demands. The RWA problem instances are usually defined in terms of either a traffic matrix (static traffic) or a statistical model (random traffic); the network characteristics (e.g., the topology); and, depending on the problem type, the capacity of links and nodes. Additionally, assumptions are defined about the directionality of links or fibers, the number of fibers per link, the functionality in nodes (e.g., wavelength conversion), etc.
Given a set of SLDs and a physical network, we want to determine a routing and a wavelength assignment that minimize the number of required wavelength channels to satisfy all the SLDs. A wavelength channel is required on each fiber traversed by a lightpath. We assume that there is one fiber on each direction of every physical link and that there is no wavelength conversion in nodes. Figure  1 illustrates how two routing solutions lead to a different number of wavelength channels. Table 1 shows the set of SLDs considered. Note that SLD δ 3 is time-disjoint with respect to SLDs δ 1 and δ 2 .
MATHEMATICAL MODEL
We solve the routing and the wavelength assignment (WA) problems separately. The solution of the routing problem is the input for the WA problem. The spatio-temporal combinatorial optimization models for these problems are respectively presented in subsections 3.1 and 3.2
ROUTING
We use the following notations:
is an edge-weighted undirected graph with vertex set V = {v 1 , v 2 , . . . , v N }, edge set E = {e 1 , e 2 , . . . , e L } and weight function w : E → R + . The graph represents a physical network. The set V corresponds to the nodes, the set E to the bidirectional links and the function w to the links' cost (e.g., their physical length).
is a tuple representing the SLD number i; s i , d i ∈ V are the source and destination nodes, n i is the number of requested lightpaths, and α i and ω i are the set-up and teardown dates.
(G, ∆) is a pair representing an instance of the RWA problem.
are, respectively, the number of vertices and edges in G and the maximum number of possible alternate paths for each demand (e.g., the K max shortest paths computed with the Eppstein algorithm [4] ).
is called an admissible routing solution for ∆. ρ is an M -dimensional vector whose elements can take a value between 1 and K max . An admissible routing solution is fully characterized by ρ.
is the set of all admissible routing solutions for ∆. The cardinality of the set is |Π ∆ | = (K max ) M .
C : Π ∆ → N is the cost function that computes the number of wavelength channels required by an admissible routing solution π ρ,∆ . In such a solution, a path is defined for each SLD in ∆. Each lightpath of an SLD requires a wavelength channel on every fiber spanned by the path. The same channel can be used by several lightpaths provided that they use the channel at different times. In Figure 1 , the values of C are 18 (left side) and 14 (right side).
The combinatorial optimization problem to solve is:
Minimize C(π ρ,∆ ), subject to:
that is, we search an admissible routing solution π ρ,∆ that minimizes the number of required wavelength channels for the set of demands ∆. To formalize the cost function, C : Π ∆ → N, we define the following additional notations:
is a {0, 1} M ×M upper triangular matrix; θ ij , i ≤ j, indicates whether SLDs i and j overlap in time (θ ij = 1) or not (θ ij = 0). By definition θ 1≤ii≤M = 1, and θ ij = 0, i > j. The matrix expresses time dependence among SLDs.
L×M edge-path incidence matrix; γ πρ,∆ ij indicates whether edge i ∈ E is part of path P ρj ,j in routing solution π ρ,∆ (γ πρ,∆ ij = 1) or not (γ πρ,∆ ij = 0). For the sake of simplicity, we note γ instead of γ πρ,∆ . This matrix describes the physical routing of SLDs for a given ρ.
M ×L matrix; η ij indicates the number of timeoverlapping lightpaths on link e j between SLD i and SLDs k, k > i.
Thus, the cost function is defined by:
WAVELENGTH ASSIGNMENT
The solution to the routing problem is an admissible routing solution π ρ,∆ that defines a route in the physical network for each SLD in ∆; it represents an instance of the WA problem (i.e., the input for the WA algorithm).
The solution to the WA problem defines the wavelength channels that must be assigned to each lightpath of the SLDs in ∆ when the π ρ,∆ routing is used, such that i) each lightpath uses the same wavelength channel on all the fibers spanned by its route (wavelength continuity constraint), ii) any two time-simultaneous lightpaths whose routes have at least one fiber in common use different wavelengths channels, and iii) the global number of different wavelengths channels used is minimal 4 .
The WA problem in networks with one fiber per link direction assuming the wavelength continuity constraint and the static traffic model reduces to a well known graph vertex coloring problem [3] . We generalize this model for the WA problem using the SLD traffic model. The following notations are used:
ψ ij is the number of edges on routing solution π ρ,∆ where SLD i overlaps with SLD j (remember that γ is a simplified notation for γ πρ,∆ ).
µ i is the set of lightpaths belonging to the SLD i; µ j i , 1 ≤ j ≤ n i , denotes the j th lightpath of SLD i.
Once the graph vertex coloring problem is solved, the color of each vertex in G c represents the wavelength channel to be assigned to the lightpath represented by this vertex.
SOLUTION ALGORITHMS
We developed an exact resolution algorithm for the routing problem based on branch-and-bound that we called B&B SLD-RWA [5] . The major drawback of the algorithm is its time complexity O(|Π ∆ |), i.e., in the worst case, it has to explore (K max )
M admissible routing solutions. This means that only problem instances of small size can be solved in practice. In [6] we propose an approximate resolution algorithm based on the Tabu Search (TS) metaheuristic that we called TS SLD-RWA. Meta-heuristics explore only a fraction of the solution space associated to a problem instance. Consequently, large size problems may be solved, though, the obtained solutions are not guaranteed to be optimal. We found in [6] that, for the considered problem instances, the average difference in cost between B&B SLD-RWA and TS SLD-RWA computed solutions was not greater than 1.18 %. The closeness to optimality of the computed solutions and the ability to solve large instances make TS SLD-RWA a viable alternative for realistic routing problem instances. We used this algorithm in the experiments of Section 6. For the WA problem we used the greedy algorithm described in [7] , which computes approximate solutions.
ONLINE RWA ALGORITHM
We use the online RWA algorithm described in [3] as a reference to evaluate the SLD-RWA algorithms.
The algorithm solves the RWA problem for dynamic lightpath demands. This means that the route and the wavelength to be assigned to the lightpaths of a demand are computed as these demands arrive over time. In order to use the algorithm with the SLD traffic model, we use the set-up and tear-down dates of SLDs as arrival and departure times.
The algorithm uses fixed-alternate routing and a First Fit (FF) wavelength assignment strategy.
In fixedalternate routing, k alternate routes are computed in advance for each source/destination pair in the network. When a demand with destination d arrives at node s, one route among the k precomputed is selected according to the following criterion. In the FF wavelength selection strategy, the wavelengths channels in an optical fiber are numbered in ascending order. When searching for an available wavelength channel in the fibers of a route, a lowernumbered channel is considered before a higher-numbered one. A wavelength channel is available in a route if it is not currently used by any lightpath demand on the fibers spanned by the route. When a traffic demand with destination d arrives at source node s, the route (among the k routes) with the available wavelength channel whose number is the smallest one is selected. If more than one route has the same smallest number of available wave- Table 2 : Average values obtained with the online and TS SLD-RWA algorithms (M = 500).
length channel, the physically shortest route is selected.
EXPERIMENTAL EVALUATION
In this section we evaluate the gain in terms of required wavelengths channels provided by the TS SLD-RWA algorithms when compared to the online RWA algorithm.
Recall that an instance of the RWA problem is defined by a pair (G, ∆). We used as the graph G the same network considered in [6] (N = 29, L = 44) 5 .
We classify the sets ∆ according to the time and the space correlation of the constituent SLDs. The mathematical definitions of these correlation criteria are given in [5] and [6] 5 . In the experiments, we consider sets ∆ of the following classes: "strong time -strong space", "weak time -strong space", "weak time -weak space" and "strong time -weak space" correlation. We denote these classes 1, 2, 3 and 4, respectively. We generated 50 sets ∆ of each class with M = 500 SLDs each. The SLDs were generated randomly being constrained only by the time and space correlation defined for the set they belong to. In the TS routing algorithm we used a value K max = 4. Table 2 shows the average number of required wavelength channels (AWC) and the average number of different wavelengths channels (ADW) computed by the online and the TS SLD-RWA algorithms for the four classes of ∆ sets. The column 'Avg channel count gain' (ACCG) shows the average gain, in terms of required wavelength channels, of the solutions computed with TS SLD-RWA with respect to the online algorithm solutions.
The AWC is usually smaller for the classes with strong space correlation (classes 1 and 2) than for the classes with weak space correlation because in the former the endpoints of demands are topologically closer than in the latter. The ACCG is, however, approximately the same for all the classes (around 20 %). By comparing the two classes with the same space correlation (classes 1 and 2, on one hand, and classes 3 and 4 on the other hand), we note that classes with weak time correlation lead to a smaller AWC than classes with strong time correlation for both the online and the TS SLD-RWA algorithms. This is because the timedisjointness of demands in weak time correlation classes allows for a better utilization of resources. Regarding the ADW, the classes with weak time correlation (classes 2 and 3) have a smaller average value than the classes with 5 Not reproduced here because lack of space. strong time correlation.
The combined execution time of TS SLD-RWA and the greedy graph vertex coloring algorithm on the problem instances considered in the experiments was of 6480 seconds in average (200 instances). The execution time of the online RWA algorithm was of 20 seconds in average. It is interesting to note that the higher computing capacity (illustrated by the execution time) required by the proposed RWA algorithm is worthwhile, considering the gain in channels of about 20 %. Furthermore, the algorithm is not expected to be executed in a real-time environment (as would be the case of the online RWA algorithm) but as a batch process at time intervals of several hours (remember that the SLDs correspond to planned demands).
CONCLUSION
In this paper we presented RWA algorithms for scheduled lightpath demands. We have shown that, if the set-up and tear-down dates of traffic demands are known in advance, these pieces of information can be used by the algorithm to achieve a gain of about 20 % in terms of required channels when compared to an RWA algorithm that does not take this information into account. The gain is achieved by exploiting the time disjointness among demands so that a same channel can be used by several lightpaths at different times.
